1. Which atoms a r e of i n t e r e s t ? n e u t r a l o r s i n g l y i o n i s e d atoms; t h u s t h e y Which spectra would you expect to obd e a l m a i n l y w i t h t h e v i s u a l s p e c t r a l r a n g e . s e r v e i n a s t r o n o m i c a l o b j e c t s ? L e t u s f i r s t S i n c e t h e a d v e n t of s p a c e r e s e a r c h we a r e r e c a l l t h e cosmic abundance o f t h e e l e m e n t s . These numbers a r e s u b j e c t t o r e v i s i o n , t h e i r a c c u r a c y i s p a r t i c u l a r l y d e p e n d e n t
on t h e q u a l i t y of t h e o s c i l l a t o r s t r e n g t h s o f t h e s p e c t r a l l i n e s which s e r v e i n t h e abundance d e t e r m i n a t i o n . A s an example I c i t e Lambert (1978) who r e v i s e d t h e s o l a r c a r b o n , n i t r o g e n and oxygen abundances. He d i s c u s s e s t h e r e l i a b i l i t y of t h e o s c i l l a t o r s t r e n g t h s o f a l l t h e l i n e s b o t h a l l o w e d and
f o r b i d d e n a s w e l l a s t h e m o l e c u l a r t r a n s it i o n s . To f i n d t h e s p e c t r a of e l e m e n t s n o t l i s t e d above, u s u a l l y r e q u i r e s a s p e c i a l e f f o r t . I t would, however, b e e r r o n e o u s t o c o n s i d e r t h e s e o t h e r e l e m e n t s a s a s t r op h y s i c a l l y i n s i g n i f i c a n t . The knowledge o f t h e i r abundance i s of g r e a t i n t e r e s t t o t h e t h e o r y o f s t e l l a r e v o l u t i o n . A r e v i e w on t h e r e q u i r e d f -v a l u e s f o r t h e s e less abund a n t e l e m e n t s was g i v e n by Biemont and G r e v e s s e ( 1 9 7 7 ) . A s b o t h of t h e s e r e v i e w s i n t e r e s t . Because o f t h e hydrogen a b s o r pt i o n edge a t 912 2 s t e l l a r and e x t r a g a l a c - ( s e e f o r example t h e l i s t of S e h r i n g e t a l .
9 7 6 ) . A s t r o p h y s i c i s t s a r e t h e r e f o r e i n t er e s t e d i n a l l t h e i o n i s a t i o n s t a g e s of a t
l e a s t t h e e l e m e n t s i n T a b l e 1.
The i r o n peak e l e m e n t s ( C r , Mn, Fe, Co, N i , e t c . ) d e s e r v e t o b e mentioned i n p a r t i c u l a r . These e l e m e n t s a r e s t a b l e prod u c t s o f s t e l l a r f u s i o n p r o c e s s e s . T h e i r abundances i n d i f f e r e n t a s t r o n o m i c a l obj e c t s i s an i m p o r t a n t c l u e t o o u r knowledge o f s t a r f o r m a t i o n and s t e l l a r e v o l u t i o n .
These e l e m e n t s , Fe i n p a r t i c u l a r , a r e t h e main s o u r c e o f o p a c i t y i n t h e i n n e r m o s t p a r t of s t a r s . To c a l c u l a t e a c c u r a t e o s c i l l a t o r s t r e n g t h s f o r t h e lowly i o n i s e d members of t h e s e e l e m e n t s i s e x c e e d i n g l y d i f f i c u l t . For t h e s e i o n s t h e experiment a l i s t s h o u l d b e a b l e t o do b e t t e r t h a n t h e t h e o r e t i c i a n . A r e v i e w on t h e e x p e r im e n t a l d e t e r m i n a t i o n o f t h e s e f -v a l u e s was g i v e n by Huber ( 1 9 7 7 ) .
2. Which t r a n s i t i o n s a r e o f i n t e r e s t ?
Elements w i t h an abundance less t h a n d e a l w i t h abundance d e t e r m i n a t i o n s f o r 4 ( s e e T a b l e p . 3 1 of A l l e n 1973) w i l l pros o l a r t y p e s t a r s w i t h t h e h e l p o f a b s o r pb a b l y o n l y b e o b s e r v a b l e t h r o u g h t h e i r t i o n l i n e s , t h e y a r e o n l y i n t e r e s t e d i n s t r o n g e s t a b s o r p t i o n l i n e s i n s t e l l a r
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1979119 s p e c t r a ; f o r t h e l i n e s of i n t e r e s t I r e f e r t h o s e i n t e r e s t e d a g a i n t o Biemont and
Grevesse (1977) and t o t h e l i t e r a t u r e c i t e d t h e r e . I now want t o demonstrate t h a t upper
l e v e l s w i t h l o n g l i f e t i m e s d e s e r v e a s much a t t e n t i o n a s normal l e v e l s . When i n t e r p r et i n g emission l i n e s p e c t r a we very o f t e n do n o t need t o know t h e p r o b a b i l i t i e s of t h e observed t r a n s i t i o n s . Why ? L e t u s d e f i n e N u , N e = number d e n s i t i e s [~m '~] of upper and lower l e v e l of t h e t r a n s i t i o n ; AUe = t r a n s i t i o n p r o b a b i l i t y ; qQUNe ,queNe= t r a n s i t i o n p r o b a b i l i t i e s due t o c o l l i s i o n s -3 w i t h f r e e e l e c t r o n s of d e n s i t y N Ccm 1. e The energy r a d i a t e d p e r u n i t volume i s
Suppose t h a t o n l y r a d i a t i v e decay and c o l l i s i o n a l e x c i t a t i o n between t h e l e v e l s u and i n f l u e n c e s N N a , t h e i r r e l a t i v e u p o p u l a t i o n i s t h e n determined by and t h e e m i s s i v i t y i s I f r a d i a t i v e decay dominates o v e r c o l l is i o n a l decay, e x p r e s s i o n ( 3 ) s i m p l i f i e s t o which i s independent of A
The c o e f f iua' c i e n t s q can b e w r i t t e n a s where w a r e t h e s t a t i s t i c a l w e i g h t s , Te i s t h e t e m p e r a t u r e i n Kelvin, AE i s t h e p o s it i v e energy d i f f e r e n c e between u and a , and R i s t h e c o l l i s s i o n s t r e n g t h w i t h t y p i c a l v a l u e s of Q % 1. From e x p r e s s i o n ( 3 ) combined w i t h ( 5 ) and ( 6 ) we s e e , t h a t A is r e l e v a n t f o r For an o r d e r o f magnitude e s t i m a t e we s e t R = 1, w = 1, and we c a l c u l a t e t h e A which corresponds t o e q u a l i t y i n e x p r e s s i o n ( 7 ) f o r ( a ) P l a n e t a r y Nebula ( b ) t h e low s o l a r chromospherecorona t r a n s i t i o n r e g i o n ( c ) s o l a r f l a r e ( d ) l a s e r produced l a b o r a t o r y plasma. E l e c t r o n d e n s i t i e s i n plasma can be d e t e rmined by comparing two l i n e s , they must
e r i n t h a t t h e upper l e v e l o f t h e one i s c o l l i s i o n a l l y d e -e x c i t e d whereas t h e upper l e v e l of t h e o t h e r s h o u l d be r a d i at i v e l y d e -e x c i t e d . The i n t e n s i t y r a t i o of
t h e two l i n e s depends t h e n l i n e a r l y on N . 1 Even a t r a n s i t i o n l i k e 4 + 1 ( 3~0 + S o ) 2 i n C I I I h a s been o b s e r v e d . Indeed t h e r a t i o of t h e t r a n s i t i o n s ( 3 + 1 ) / ( 4 + 1) o f C I I I may s e r v e a s d e n s i t y i n d i c a t o r s i n P l a n et a r y Nebulae and o t h e r low d e n s i t y o b j e c t s .
( A s can be s e e n from M i i h l e t h a l e r and Nussbaumer ( 1 9 7 6 ) , t h e 4 -+ 1 t r a n s i t i o n i s t h e dominant d e p o p u l a t i o n mechanism f o r 3~i o n l y t i l l N e V I I , f o r h i g h e r members o f t h e sequence t h e magnetic d i p o l e t r a n s i t i o n 3~i + 3~y d o m i n a t e s ) . The 3 + 1 and 5 + 1 t r a n s i t i o n s o f s e v e r a l i o n s , i n c l u d i n g Fe X X I I I , have been o b s e r v e d i n t h e s o l a r s p e c t r u m . The l i f e t i m e of ' P! f o r s e v e r a l members of t h e s e q u e n c e have r e c e i v e d ample a t t e n t i o n from many e x p e r i m e n t a l i s t s , b u t up t o now t h e 2s2p 3~ l e v e l s seem t o b e t o o f r i g h t e n i n g ; b u t a s c a n b e s e e n from t h e above arguments, t h e i r l i f e t i m e s may b e much more r e l e v a n t t o plasma d i a g n o s t i c s .
I want t o add a p l e a f o r o b s e r v i n g b r a n c h i n g r a t i o s . Although i t i s s u f f i c i e n t t o o b s e r v e one s i n g l e t r a n s i t i o n t o d e t e rmine t h e l i f e t i m e of t h e u p p e r l e v e l , o t h e r s t h a n t h e o b s e r v e d t r a n s i t i o n a r e o f t e n r e l e v a n t , a s t h e y may i n £ l u e n c e t h e p o p u l a t i o n of lower l e v e l s . A l s o t h e theor e t i c i a n may have c o n f i d e n c e i n one of t h e c a l c u l a t e d gf b u t would v e r y much l i k e a'
check on a n o t h e r t r a n s i t i o n from t h e same u p p e r l e v e l .
I +ready mentioned i n t e r c o m b i n a t i o n t r a n s i t i o n s . They a r i s e b e c a u s e of r e l a t iv i s t i c c o n t r i b u t i o n s H t o t h e H a m i l t o n r e 1 o p e r a t o r H. Most c a l c u l a t i o n s t r e a t Hrel a s a p e r t u r b a t i o n . T h i s i s c e r t a i n l y j u s t if i e d f o r atoms o f low n u c l e a r c h a r g e 2 .
Where d o e s t h e va1idi:y of t h e approxima- 
w i t h a view t o t h a t q u e s t i o n . Nussbaumer and S t o r e y (1979 b ) a r e a t p r e s e n t engaged on a b i n i t i o c a l c u l a t i o n s of e n e r g y s e p a r a t i o n s and t r a n s i t i o n p r o b a b i l i t i e s f o r t h e v e r y h i g h members ( 2 2 20) o f t h e Be1 s e q u e n c e a l s o w i t h a view t o t h a t problem.

The a c c u r a c y of c a l c u l a t e d t r a n s i t i o n p r o b a b i l i t i e s Although most e r r o r e s t i m a t e s c i t e d i n t h e l i t e r a t u r e a r e h a r d l y more t h a n g u e s s work, t h e r e a r e methods which a l l o w t h e c a l c u l a t i o n o f u p p e r e r r o r bounds.
Weinhold (1971) h a s d e s c r i b e d a method f o r c a l c u l a t i n g upper and lower bounds f o r d ip o l e l i n e s t r e n g t h s . The drawback of t h e method i s i t s s e v e r i t y i n demanding h i g h q u a l i t y e i g e n f u n c t i o n s a s o t h e r w i s e t h e e r r o r e s t i m a t e s become u n r e a l i s t i c a l l y h i g h . A p p l i c a t i o n s o f t h e method may be found i n Sims e t a l . (1976) f o r L i and i n Sims and W h i t t e n (1973) f o r t h e Be sequence.
With a v e r y e l a b o r a t e c a l c u l a t i o n Sims e t a l . f i n d f o r t h e r e s o n a n c e t r a n s i t i o n 2 s 2~ -2p 2~ gf = and b e i n g d e f i n i t e l y o u t s i d e t h e e r r o r b a r g i v e n by Sims e t a l . T h e i r e s t i m a t e d 3 e r r o r f o r t h e o t h e r t r a n s i t i o n s a r e much h i g h e r , t h e m a j o r i t y > 100 %. However, a l s o i n t h o s e c a s e s t h e agreement w i t h my s i m p l e Thomas-Fermi c a l c u l a t i o n i s u s u a l l y b e t t e r t h a n 30 %.
A l a r g e amount of work, b o t h t h e or e t i c a l and e x p e r i m e n t a l h a s been i n v e s t e d i n t h e Be1 s e q u e n c e . The work of Sims and W h i t t e n (1973) d e s e r v e s p a r t i c u l a r a t t e nt i o n . F o r t h e r e s o n a n c e t r a n s i t i o n 2 s 2 ' S -2s2p 'Po t h e y c a c u l a t e o s c i l l a t o r s t r e n g t h s f o r BeI, C I I I , OV w i t h an e r r o r l i m i t o f 10 % and a p r o b a b l e a c c u r a c y o f < 2 %. T h i s c a l c u l a t i o n c a n s e r v e a s a s t a n d a r d f o r b o t h e x p e r i m e n t a l and theor e t i c a l d e t e r m i n a t i o n s . C a l c u l a t i o n s i n t h e Be1 s e q u e n c e o f a c o m p l e x i t y comparable t o t h a t of Sims and W h i t t e n have been done by H i b b e r t ( 1 9 7 4 ) , Moser e t a l .
( 1 9 7 6 ) ,
Nussbaumer and S t o r e y (1978, 1979 a , b ) ;
t h e y a l l a g r e e t o w i t h i n 3 %. For C I I INeVIII e x p e r i m e n t a l and t h e o r e t i c a l t r a n - o r h i g h q u a l i t y e x p e r i m e n t a l work l i k e t h a t of B l a c k w e l l e t a l . (1978) on F e I t r a n s it i o n s w i t h 0.5 8 a c c u r a c y .
s i t i o n p r o b a b i l i t i e s now a g r e e t o w i t h i n 20 %. I c o n s i d e r t h a t w i t h t h e methods employed i n t h e s e f o u r c a l c u l a t i o n s it i s p o s s i b l e t o a c h i e v e l i n e s t r e n g t h a c c u r ac i e s of 10 % and b e t t e r f o r t r a n s i t i o n s w i t h i n t h e n
Some s p e c i a l c a s e s
There a r e p l e n t y o f i n d i v i d u a l t r a ns i t i o n s which a r e e s p e c i a l l y i n t e r e s t i n g e i t h e r b e c a u s e of t h e i r a s t r o p h y s i c a l i mp l i c a t i o n s o r b e c a u s e of t h e i r r e l e v a n c e t o a t o m i c p h y s i c s . I w i l l mention j u s t a few, t h e y have no c l a i m t o b e t h e most i m p o r t a n t o n e s . They j u s t happen t . 0 be r e l a t e d t o w o r k which I am d o i n g . a ) I a l r e a d y mentioned t h e 3~0 m e t a s t a b l e t e r m i n t h e Be1 s e q u e n c e . T r a n s i t i o n p r o b a b i l i t i e s f o r 2 s 2 '~-2~2~ 3~0 o f M i i h l e t h a l e r and Nussbaumer (1976) , G l a s s and H i b b e r t (1978) , Nussbaumer and S t o r e y (1978, 1979 a) a r e w i t h i n 1 5 % of e a c h o t h e r . F o r Fe X X I I I t h e y a r e a b o u t 50 % h i g h e r t h a n t h e v a l u e deduced from t h e l i f e t i m e measurements o f D i e t r i c h e t a l . ( 1 9 7 8 ) . More e x p e r im e n t a l work a l s o f o r o t h e r members o f t h e s e q u e n c e i s c e r t a i n l y wanted.
b ) The 0 1 i n t e r c o m b i n a t i o n t r a n s i t i o n 5 0 2p4 3~2 -2 p 3 3 s S p r o d u c e s an i n t e r -2 s t e l l a r a b s o r p t i o n l i n e a t 1335.6 a (see Zeippen e t a l . 1 9 7 8 ) . The e x p e r im e n t a l l i f e t i m e s c a t t e r a r o u n d 170 u s I n t h e s p e c t r a o f 0 I11 t h e Bowen mechanism i n v o l v e s t w o -e l e c t r o n t r a ns i t i o n s o b s e r v a b l e i n t h e 500 8 -700 a r a n g e . (Nussbaumer , 1969) . These t r a ns i t i o n s a r e i n t e r e s t i n g from a s t r op h y s i c a l and t h e a t o m i c p h y s i c s p o i n t of view. E x p e r i m e n t a l and t h e o r e t i c a l work i s d e s i r a b l e .
d ) S i I1 l i n e s a r e p r e s e n t i n t h e QSO s p e c t r a ( f o r an example s e e Coleman e t a l . 1 9 7 6 ) . T h e r e a r e some d i s c r ep a n c i e s between c a l c u l a t e d and e x p e r im e n t a l l i f e t i m e s , f o r r e f e r e n c e s s e e BIBLIOGRAPHIE F l l e n , . C. W., Astrophysical Q u a n t i t i e s , A t h l o n e P r e s s , 1973 B e h r i n g , W.E., Cohen, L.,-Feldman, U . , Doschek, G.A.: 197fi,. Astrophys.J. 203, Biernorit, E . , G r e v e s s e , N . : 1977, P h y s i c a S c r i p t a , 16, -39
